There is broad concern that a mass extinction of amphibians and reptiles is now underway. Here I apply an extremely conservative Bayesian method to estimate the number of recent amphibian and squamate extinctions in nine important tropical and subtropical regions. The data stem from a combination of museum collection databases and published site surveys. The method computes an extinction probability for each species by considering its sighting frequency and last sighting date. It infers hardly any extinction when collection dates are randomized and it provides underestimates when artificial extinction events are imposed. The method also appears to be insensitive to trends in sampling; therefore, the counts it provides are absolute minimums. Extinctions or severe population crashes have accumulated steadily since the 1970s and 1980s, and at least 3.1% of frog species have already disappeared. Based on these data and this conservative method, the best estimate of the global grand total is roughly 200 extinctions. Consistent with previous results, frog losses are heavy in Latin America, which has been greatly affected by the pathogenic chytrid fungus Batrachochytrium dendrobatidis. Extinction rates are now four orders-of-magnitude higher than background, and at least another 6.9% of all frog species may be lost within the next century, even if there is no acceleration in the growth of environmental threats.
amphibians | Bayesian methods | extinction rates | reptiles O btaining concrete estimates of extinction tallies for major taxonomic groups has proven to be elusive, with the literature veering between conservative counts based on thorough assessments of well-known species to much higher figures based on global-scale considerations of threat levels (1) (2) (3) (4) (5) . Uncertainty is so great that, for example, the 2004 Global Amphibian Assessment (1) used by the International Union for the Conservation of Nature (IUCN) hazarded that anywhere between 9 and 122 amphibians might have gone extinct since 1980. Another analysis (2) suggested a range of . Meanwhile, comprehensive reviews of threats to reptiles (5) offered no estimate of the number of extinct species and sidestepped the matter of whether it might be large.
These sorts of questions are still wide open because (i) it is difficult to distinguish species that are highly endangered and rarely sighted from species that are actually extinct, and (ii) researchers have lacked a robust statistical protocol for estimating extinction tallies (6) . A means of addressing these concerns is provided by a Bayesian approach that involves computing probabilities of sightings (Materials and Methods), which like a recently published algorithm (6) yields highly accurate posterior extinction probabilities in simulations. As a result, the summed posteriors constitute reasonable estimates of the total number of species to have gone extinct in a particular area (Tables 1 and 2 ). The probabilities are dependent upon the exact choice of Bayesian priors and on other details of implementation, but the method is consistently conservative and it is optimal for detecting single-digit extinction percentages of the kind reported here (Materials and Methods).
The new equation is applied here to anuran, caudatan, and squamate museum specimen records and published observations that encompass nine major geographic regions (Fig. S1 ). Although the dataset does not include unpublished field observations, the identifications used here constitute the only information that can be used in a study of this kind. Study regions were selected based on the amount of available data and to provide broad coverage emphasizing the tropics. These regions collectively include most of the hotspots for amphibian diversity (3) and for vertebrates in general (4), and they are large and widely dispersed enough that they are likely to be representative. The analyses used individual specimen records primarily drawn from HerpNET (www.herpnet. org) and a series of databases focusing on particular regions or museums. Additional information was drawn from 361 publications that documented recent sightings in particular localities, and public databases were used to vet and update species names. The dataset includes at least one observation each for 2,708 of 6,355 frog species recognized as valid by AmphibiaWeb (amphibiaweb. org) (42.6%) and 4,105 of 9,267 squamate species recognized by the Reptile Database (www.reptile-database.org) (44.3%).
Results
Cumulative extinction probability curves suggest that anuran extinction rates were negligible before the 1970s, and since then have been considerable and sustained (Fig. 1 ). There is substantial decoupling among regions and between groups (Table 1) . For example, the number of extinctions in the southeastern United States and southern Europe is apparently zero, in line with previously published expectations that tropical species are more threatened (1, 4, 5) , and frog extinctions usually exceed squamate losses in the same regions. Because most of the apparent squamate extinctions except those in Mesoamerica, Madagascar, and possibly South Asia seem to represent either local extirpations or other confounding factors (Supporting Information), the data only provide clear evidence of extinction pulses of frogs and only in a few specific areas: Mesoamerica, Brazil, Madagascar, and the Sahul region. Most of the apparent extinctions in Sahul pertain to New Guinea, where the dataset is of good quality (Fig. S2) .
The figures for these regions weakly suggest an acceleration in extinction rates during the 1980s and early 1990s (Fig. 1) . If real, this pattern might relate to the Batrachochytrium dendrobatidis epidemic, which has been strongly implicated in major population declines of anurans throughout Central America (7) and Australia (8) and is a potential factor in Brazil (9) . B. dendrobatidis also infects plethodontid salamanders and is thought to be responsible for
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Central American salamander population declines (7). However, B. dendrobatidis is absent from New Guinea (10) and Madagascar (11) , where the current data suggest there has been a substantial number of extinctions. The data also do not prove that there has been a truly catastrophic mass extinction in Central America, even though numerous population crashes have been observed (7) . Furthermore, B. dendrobatidis has had little or no effect on populations in Europe (12), Asia (13) , and mainland Africa (14) despite being present. Therefore, rates of anuran loss cannot yet be tied to B. dendrobatidis in a consistent manner.
Variation among countries is also difficult to relate to their environmental and socioeconomic differences in a broad-brush manner. For example, the possible extinction pulse in Madagascar may stem from the fact that its human population has more than doubled since 1985, at which point 66% of its rain forests had already been eliminated (15) . High extinction rates in Brazil and New Guinea also might involve deforestation. However, deforestation in South Asia and the Sunda region appears to have had little or no impact.
Factors other than the B. dendrobatidis epidemic and habitat destruction might be important locally, but if the current analysis is accurate then they are less plausible as single agents of extinction on a global scale. No one has suggested that the numerous introductions of exotic reptile and amphibian species in the United States have resulted in extinctions of native species, and introductions in the tropics have been minimal. The cane toad Rhinella marina has been introduced to Australia and New Guinea, where it might be a factor, but also the Philippines, the United States, and other countries where no major losses of amphibians appear to have occurred (Table 1) . Economic exploitation has been implicated by the IUCN in very few major population declines of individual amphibians and reptile species and appears to have spatially restricted effects (5, 8) . Finally, this analysis is unable to directly quantify the effects of climate change, but the early onset and steady pace of extinctions in most areas (Fig. 1 ) is inconsistent with a recent major impact. This point will, however, become irrelevant as global warming continues to accelerate.
Discussion
In sum, there are two major patterns in the regional data. First, despite spatial heterogeneity the number of frog extinctions seems to have been much higher in relative terms than the number of squamate extinctions (Table 1 vs. Table 2 ). Second, a substantial extinction pulse in Latin America is most plausibly related to the B. dendrobatidis epidemic, although it might involve other factors such as deforestation or the spread of invasive species.
Total global losses for the entire study period through 2010 are 3.05% for frogs (Table 1 ). This figure is equivalent to ∼6,355 × 0.0305 = 194 extinctions if the true global tally is proportional to estimates for the regions studied here. Figures for caudatans are similar in relative terms (Materials and Methods). The anuran total to date is higher than previously reported values (2) . Therefore, one could argue that the tallies might represent regional extirpations, taxonomic errors, and cases in which population crashes have not yet led to actual extinctions. Cases of extirpation and error appear to be rare with respect to frogs, although nuisance factors are important for squamates (Supporting Information). It is also impossible to say whether some of the inferred frog extinctions do represent steep population declines. Regardless, there are many good reasons to think the counts are conservative: (i) the analytical method is designed to infer less extinction when data are lacking or when a species is found in multiple areas; (ii) it is also unlikely to detect extinctions that have occurred within the last decade or two (Fig. 2) ; (iii) the results have been skewed downward by assuming that extinctions could have taken place as early as 1900, long before many species were even described; (iv) a substantial number of species may have disappeared before being documented in museum collections; (v) rare species are more often omitted from the analyses because multiple sightings are required to compute an extinction probability; (vi) some seemingly widespread species, especially in the tropics, may actually consist of cryptic species complexes that include locally rare and geographically restricted members (16); (vii) processes such as human population growth, habitat destruction, and climate change accelerated through the study interval; and (viii) many species may already be doomed to extinction because their current population sizes are unviable.
Even though the first point is straightforward, the fact that the analysis only recovers absolutely large anuran extinction pulses in selected regions ( Fig. 1 and Table 1 ) raises the question of whether these pulses might simply reflect regional declines in sampling. This suspicion is hard to square with actual sampling trends (Fig.  3 ). For example, extinctions are relatively common in both Brazil and the Sahul region but the data tallies go in opposite directions (Fig. 3A) . Meanwhile, little or no extinction is inferred for frogs from the southeastern United States or Sunda region, and yet the former dataset shows a decline much like that in the Sahul region, whereas the latter exhibits high variation with an overall upward trend (Fig. 3B) . These patterns strengthen the argument that the figures reported in Table 1 are absolute minima.
Because a method like the one used here infers little extinction in the absence of data, the true scope of the current mass extinction will remain unclear until there is much more intensive sampling in the tropics. Indeed, this paper is not intended to provide a definitive answer because the data include a myriad of complexities. It only offers a conservative lower bound that is an approximation of current knowledge. Despite this fact, the evidence does suggest that there has been a massive increase in the extinction rate over the long-term background average. Fossil data indicate that the background rate for reptiles and amphibians is even lower than the approximate 22% per species per million year Counts consistently exceed those obtained by randomizing the data (Table  S1 ). "Species" is number of species analyzed. "Prior" is average extinction probability based on a first-pass analysis of the data. "Posterior" is average extinction probability based on a reanalysis using the computed prior. "Extinct" is sum of extinction probabilities. "CI" is bootstrapped 95% confidence interval. Column names are as in Table 1 . See also Table S2 .
rate for mammals (17) (Materials and Methods). A cumulative loss on the order of several percent in a few decades ( Fig. 1 and Table 1 ) therefore implies that current rates are about four orders of magnitude higher than normal. Indeed, average extinction rates observed during 1971-2000 suggest that, about 6.9% of anuran species may be lost within the next century (Materials and Methods). This rate may seem slow on a human time scale, but it is a conservative minimum estimate and human impacts are intensifying. Thus, the data suggest that a runaway train of extinction is now likely to produce what would be seen as a global mass extinction on the ultimately more important landscape of geological time. Mitigating this crisis will require strong ongoing support of monitoring by field ecologists and museum scientists (18) .
Materials and Methods
Geographic Regions. The analyses focused on nine mostly large geographic regions with distinct biotas that were chosen to cover major hotspots of biodiversity (3) and conservation threat (4); they capture large fractions of all low-latitude biogeographic regions, including both humid and arid biomes (Fig. S1) . Parts of the United States and Europe were analyzed to broaden the socioeconomic and demographic scope of areas included in the study. The focal regions were the southeastern United States (Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, and Texas east of 100°W); Mesoamerica (Belize, Data Preparation. Invalid names were corrected by referring to a list of synonyms and outdated genus-species combinations downloaded from the Integrated Taxonomic Information System website (www.itis.gov). Records of 91 extralimital species, invasive species, and species found only on small islands were removed by hand. Threat status was based on the IUCN Red List of Threatened Species (www. iucnredlist.org), with some updates drawn from the Australian Environment Protection and Biodiversity Conservation Act list (www.environment.gov.au).
Species sampled only in 1 y were omitted from the analysis. Data records were grouped by collection year and location. Sample locations were defined as states or provinces for Brazil, India, Indonesia, Malaysia, Mexico, the Philippines, and the United States, Interim Biogeographic Regionalization for Australia regions for Australia, and otherwise entire countries. For published data, locations were defined as reported by the authors.
Extinction Probability Equation.
Numerous methods of evaluating individual species have been proposed (19, 20) but they perform poorly when evaluated using either empirical data (20, 21) or simulations (22) . Most of them also provide hypothesis test statistics (i.e., P values) instead of actual extinction chances, and as such are categorically unusable for the present purpose of inferring extinction counts. Posterior probabilities were instead computed using a simple Bayesian method, which performs robustly in a variety of simulations similar to those previously published (6) . The probabilities it generates are strongly related to the last year of sighting (Fig. 2) but the correlation is erratic because other factors come into play.
The computation works by combining an agnostic, 0.5 prior extinction probability with joint conditionals calculated separately for the two hypotheses that a given species has survived or gone extinct. It is assumed that extinction operates on a continuous basis, so the extinction probability declines exponentially through time and is therefore lowest in the most recent year. Assuming a uniform distribution instead would make little difference to the results because the exponentially distributed per interval prior changes very slowly. Varying the overall prior of 0.5 uniformly over the range 0-1 would have no effect at all.
The conditional computations are based on a published combinatoric equation (23) that compares the number of ways a species' sightings can be located within its observed range to the number of ways they can be located across the species' hypothesized range. These probabilities are based on the numbers of potential sightings (i.e., those of all species found in the same geographic area) and of actual sightings. The conditional based on the survival hypothesis assumes that each species actually ranges through the whole study interval; the conditionals based on hypothesized extinction dates assume that the ranges go up to the base of the relevant intervals. The conditionals are set to zero for all extinction dates that equal or precede the last sighting. Bayes' theorem is then applied to compute a posterior extinction probability for each interval. The summed Table 1 for frogs and Table 2 probabilities are computed for all species and then averaged to obtain a rate for the entire dataset. Finally, this mean probability is recycled as a prior and the individual species values are recomputed. Simulations show that this last step biases the figures downward when actual probabilities are high, but when they are very low recycling produces more accurate estimates. This method could be applied to simple presence-absence data. However, there is much additional information in the form of sighting frequencies within intervals. Therefore, the calculations are based on counts of sightings of each focal species in each interval relative to counts of all sightings in each interval (Fig. 3) .
To make the analyses more realistic, the data are analyzed separately for each local geographic area (country or state/province) and the resulting posteriors are then multiplied to obtain an overall extinction probability for each species. This approach is highly conservative because poor data in any area will result in a low individual posterior and therefore a low product. For example, if a species found in three areas has posteriors of 0.5, 0.5, and 0.1, the overall extinction probability is only 0.025. In practice, the method almost never infers that a species found in multiple areas is extinct.
The computations must consider a fixed window of time. This window could equal the span between the first and last observation of the taxonomic group in a given region. However, using a fixed window across all regions seems more objective. The computation will yield higher extinction probabilities when the window is short. In principle, it would be admissible to assume that no extinctions could have taken place before about 1950 because the current analysis suggests that few or none occurred before the 1960s (Fig.  1) . To make the analyses more conservative, the window is defined to run from the year 1900 to the last observation of the group in the relevant region. Imposing this rule has little effect in terms of truncating older data because there are few 19th century data records in most regions.
Confidence Intervals. The samples of species (Tables 1 and 2 ) are partial relative to total global diversity, making it important to estimate uncertainty in the counts. Confidence limits are easy to compute using a bootstrap protocol in which posterior extinction probabilities are drawn with replacement from the empirical set, the values are summed, and the procedure is iterated 10,000 times. Tables 1 and 2 report the 95% confidence limits derived using this procedure.
Performance with Randomized Data. Any method will flag some species as extinct regardless of whether any extinctions have occurred in the first place. It is therefore important to show that false-positives are rare by considering what would happen if we could be sure there was no extinction at all. This question is easily answered by randomizing combinations of collection years and spatial locations plus identifications across the entire set of data records for each region (e.g., records of all frogs from Brazil). For example, a date of 1900 might be substituted for one of 2000 in an identification of some species from some place. Records are grouped by geographic area (country or state/province) to make sure that spatial variation in sampling intensity is not altered. By definition, the randomization protocol leaves the number of data records in each year unchanged. It also has almost no visible effect on the number of species sampled in a given year (Fig. S3) , which shows that inferred extinctions cannot be attributed to a trend toward only sampling nonthreatened species. The results of a single trial each for the four key frog datasets are illustrated in Fig.  4 . These very low cumulative extinction probability sums (see also Tables S1  and S2) show that the trends summarized in Fig. 1 and Table 1 cannot be dismissed as an artifact of the method: if a species is not actually extinct it almost never infers a high extinction probability. Thus, the extinction tallies reported in this paper are likely to be absolute minimums, regardless of whether sampling is rich or poor.
Performance with Truncated Data. A poor method might infer many spurious extinctions because the data are truncated at the present. In other words, it might be fooled by the fact that many species have not been sighted recently simply at random, even though they will be sighted again in the future. To test for this bias, the global frog data were truncated at 1990 and then again at 1970 and the extinction probabilities were recomputed. The results suggest that censorship has virtually no effect on the running tally of inferred extinctions (Fig. S4 ). There are also fair correlations between the through-1970 and current probabilities (Spearman's rank-order correlation ρ = 0.592, P < 0.001) and between through-1990 and current probabilities (ρ = 0.612, P < 0.001), which is noteworthy because the truncated probabilities are consistently low and therefore more subject to random sampling error.
Performance with Simulated Extinction. The degree of conservativeness of the method when applied to real data can also be shown in a straightforward way by means of a Monte Carlo simulation analysis. The algorithm involves randomly adding a number of extinction events to an empirical dataset and seeing whether the analytical method recovers the correct extinction proportion.
(i) Extinction events are randomly produced on the basis of an assumed per year extinction probability. To reflect the fact that major extinction threats have increased through time, a zero probability is assumed for years before 1900.
(ii) All actual presences of a species younger than the simulated extinction event are removed from the dataset. (iii) The number of species going extinct is divided by the total to produce a simulated proportion. (iv) Bayesian computations are applied to the data and the sum of extinction probabilities is divided by the number of analyzed species to produce an inferred proportion.
(v) The analysis is repeated after varying the assumed extinction probability.
Interpreting the results would be difficult given a dataset suspected to include a significant number of real extinctions. Therefore, two datasets seeming to only include a trivial number (Table 1) were selected: those representing frogs from the southeastern United States and squamates from southern Europe. The first is very densely sampled and includes relatively few species, so it amounts to a best-case scenario. The second is moderately sampled. The results suggest that Bayesian probabilities are indeed extraordinarily conservative (Fig. 5) : the inferred extinction proportions are less than one-half as high as the simulated proportions.
Because the simulations suggest such unusually conservative behavior, it is inferred that the number of false-positives hiding within Table 1 (extant species flagged as likely extinct) is generally much smaller than the number of false-negatives (extinct species flagged as likely extant). Again, the extinction proportions reported in this paper are likely to be substantial underestimates: the real proportions could be many times higher.
Salamander Data. Analyses of salamander specimen records from the southeastern United States (109 species) and Mesoamerica (178 species) were also feasible. Summed estimates for the two regions were, respectively, 0.57 and 5.77 extinctions, with probabilities > 0.2 for three species (Batrachosps nigriventris, a least-concern species well-known from the United States that was purportedly collected in because the B. dendrobatidis fungus does cause mortality in salamanders (7), but the dataset is too small to warrant detailed interpretation.
Comparison of Probabilities to Threat Categorizations. The IUCN threat categorization is widely used in studies of global and regional patterns (1) (2) (3) (4) (5) .
Correlations with independent categorizations are unfortunately weak (24, 25) . Nonetheless, only the IUCN data are available for the entire range of species considered here. Mean extinction probabilities and counts of species with extinction probabilities >0.5 do climb with nominal threat levels (Table S3) : the fraction of species seeming to be extinct is quite low in the "least concern" category. Furthermore, the unevaluated category seems to include a relatively large number of seemingly extinct species, as one might expect. However, the relationship between counts and rankings is not perfect, which might reflect problems with the IUCN ratings that have been noted before (25) . Of equal concern, threat categorizations are lacking for well over half of all squamates and the higher-ranked categories seem to have been used very sparingly: the number of critically endangered squamate species is a full order-of-magnitude lower than the number of critically endangered frog species, even though (i) the number of evaluated squamate species is half again greater, and (ii) the absolute numbers of apparent frog and squamate extinctions are comparable ( Table 1) . The results together suggest that unless the new probabilities are quite inaccurate, threat categories should be reassessed for a large number of species.
Projected Extinction Percentages. Per year rates of extinction accelerated in the mid-20th century (Fig. 1) , making it necessary to focus only on relatively recent values to make any projections. Potentially, artifactual slowdowns at the end of the curves also become visible somewhere after 2000 (Fig. 1) and the method is unable to recognize extinctions having occurred within the last decade or two (Fig. 2) . Therefore, means of the per year rates were computed from the combined global data for the period 1971-2000. The respective values for frogs and squamates are 0.0720% and 0.0298% per year. These figures were used to compute losses-in-one-century projections of 6.95% and 2.93% by means of the equation 100 [1 − (1 − x) 
100
] where x is the rate in proportional (not percent) terms.
Background Extinction Rates. Robust rates of extinction for living groups with good fossil records can be obtained using the conventional method of Lyellian analysis, which involves taking the log ratio of species found at one point in geological time to species still alive (26) . For example, 7 of 14 amphibian species at the 13-Myr-old Norden Bridge Quarry in Nebraska are extinct (27) , suggesting an extinction rate of 5.2% per million years. Likewise, 8 of 12 squamates in the approximately 11-Ma-old Lemoyne Quarry fauna (28) are extinct, suggesting a rate of 9.5% per million years. Similar data exist for a variety of other Miocene samples. For the purpose of computing such rates, older (e.g., Oligocene) samples include too few extant species and younger (e.g., Pliocene) samples include too few extinct species.
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